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•  SrFeo.75Moo.2503_5— Lao.9Sro,iGao.8Mgo.203_5  composites  are  fabricated  using  the  liquid  phase  impregnation  method. 

•  The  nano-scale  SrFeojsMooasCb-,!  cathodes  exhibit  area  specific  resistances  of  0.04  Q  cm2  in  air  at  800  °C. 

•  Impedance  analysis  shows  that  ionization  of  adsorbed  oxygen  is  the  rate-limiting  step  for  oxygen  reduction  reactions. 
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This  paper  describes  the  structure  and  electrochemical  properties  of  composite  cathodes  for  solid  oxide 
fuel  cells  fabricated  by  infiltration  of  aqueous  solutions  corresponding  to  SrFeo.75Moo.25O3  (SFMO)  into 
porous  Lao.9Sro.1Gao.slVlgo.2O3  (LSGM)  backbones.  XRD  measurement  confirms  the  predominance  of  the 
perovskite  SFMO  oxides  in  the  infiltrates  together  with  some  minor  impurities  of  SrMo04  after  calci¬ 
nations  at  850-1100  °C.  The  cathode  polarization  resistance  as  obtained  from  impedance  measurement 
on  symmetric  cathode  fuel  cells  exhibits  a  pronounced  increase  as  a  function  of  calcinations  temperature 
due  to  increased  SFMO  particle  sizes,  e.g.,  0.04  Q  cm2  for  70  nm-sized  catalysts  calcinated  at  850  °C  versus 
0.11  Q  cm2  for  400  nm-sized  catalysts  calcinated  at  1100  °C.  Oxygen  partial  pressure  and  temperature 
dependence  of  impedance  data  shows  that  oxygen  reduction  kinetics  is  largely  determined  by  ionization 
of  adsorbed  oxygen  atoms  on  the  SFMO  catalysts. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  solid  oxide  fuel  cell  (SOFC)  provides  a  clean  and  efficient 
approach  for  electrochemically  converting  fuels  into  electricity,  and 
consists  of  a  porous  anode  and  a  porous  cathode  separated  by  a  gas- 
impermeable  electrolyte  [1].  In  order  to  reduce  interfacial  polari¬ 
zation  resistances  and  deliver  high  power  outputs,  high  catalytic 
activities  are  required  for  both  electrodes,  especially  for  the  cath¬ 
odes  that  are  usually  fabricated  via  calcinations  at  high  tempera¬ 
tures  that  yield  porous  structures  at  micron  scales  [2,3],  Due  to 
their  superior  catalytic  activities,  nanocrystalline  and  nanoporous 
materials  have  received  continuously  increased  interest  as  the 
active  cathode  catalysts  for  intermediate  temperature  SOFCs 
operating  over  the  regime  of  500-800  °C  [4-10],  Liu  et  al.  reported 
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pulse  laser  deposition  of  nanostructured  Bao.5Sro5Coo.8Feo.2O3_,; 
(BSCF)  cathodes  with  an  average  particle  size  of  40  nm  on  the 
yttrium-stabilized  zirconia  (YSZ)  electrolytes,  which  allowed  for 
much  higher  power  densities  than  obtainable  with  the  micron- 
scale  BSCF  cathodes  prepared  using  the  screen-printing  method 
followed  by  calcinations  at  high  temperatures  [11],  Nanoporous 
Lao.6Sro.4Co03_,5  thin-film  cathodes  with  an  average  grain  size  of 
17  nm  were  deposited  by  a  sol— gel  technique  on  the  Ceo.9Gdo.1O1.95 
electrolytes,  producing  a  low  area  specific  resistance  of 0.023  Q  cm2 
at  600  °C  [12],  Liquid  phase  infiltration  is  a  relatively  new  approach 
for  preparing  nanostructured  SOFC  cathodes,  where  well- 
intraconnected  and  nano-scale  oxide  catalyst  coatings  are  sup¬ 
ported  on  the  internal  surfaces  of  micron-scale  porous  backbones 
[13],  In  particular,  infiltration  of  perovskite  oxides  with  mixed  ionic 
and  electronic  conductivities  into  the  high  ionic-conductivity 
backbones  yielded  composite  cathodes  that  showed  very  low  po¬ 
larization  resistances  (Rp.c)  due  to  enlarged  area  available  for  sur¬ 
face  oxygen  exchange.  For  example,  the  Rp.c  value  of  0.1  Q  cm2  were 
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achieved  for  the  composite  cathodes  of  Lao.8Sro.2Fe03_,$  infiltrated 
YSZ  [14],  Smo.sSro.sCoOa-a  (SSC)  infiltrated  GDC  [15]  and  SSC  infil- 
trated  LSGM  [10]  at  700, 600  and  550  °C,  respectively.  Simultaneous 
infiltration  of  Ceo.8Smo.20 1.9  (SDC)  in  addition  to  SSC  in  the  LSGM 
backbones  yielded  smaller  particle  sizes  by  suppressing  agglom¬ 
eration  and  coarsening  of  SSC  nanoparticles  during  the  repeated 
infiltration/calcination  cycles  that  facilitated  surface  oxygen  ex¬ 
change  and  thereby  produced  even  lower  %c  values,  e.g., 
0.075  Q  cm2  at  550  °C  and  0.137  Q  cm2  at  500  °C  [16], 

Up  to  date,  the  infiltrated  cathode  catalysts  have  been  mainly 
focused  upon  the  cobalt-containing  perovskite  oxides  due  to  their 
high  electrical  conductivities  and  the  intermediate-spin  state  of  the 
surface  Co(III)  that  promotes  reduction  of  adsorbed  gaseous  O2  to 
surface  O2-.  Nevertheless,  the  cobalt-based  materials  showed  poor 
chemical  stability  in  the  presence  of  CO2  and  in  a  strongly  reducing 
atmosphere  around  the  triple-phase  boundaries  when  fuel  cells  are 
operated  at  low  voltages.  In  addition,  increased  stability  of  the 
cathode  material  in  reducing  atmospheres  is  also  preferable  for 
single-chamber  [17,18],  direct-flame  [19]  and  metal-supported 
SOFCs  [20]  from  the  perspectives  of  long-term  durability  and 
fabrication  easiness.  Recent,  Liu  and  Xiao  reported  that  the  Mo- 
doped  SrFeC>3_,;  perovskite  oxides  were  redox-stable  and  showed 
great  promise  as  a  new  cathode  material  for  intermediate  tem¬ 
perature  SOFCs  [21,22],  In  the  present  paper,  the  SrFeo.75Moo.25O3-, 5 
(SFMO)  cathodes  were  fabricated  by  infiltration  into  the  porous 
LSGM  backbones,  and  the  catalytic  activity  of  the  resulting  com¬ 
posites  for  oxygen  reduction  reactions  was  evaluated  via  imped¬ 
ance  measurement  on  the  symmetric  cathode  fuel  cells.  The  effect 
of  the  calcinations  temperature  on  the  microstructure  and  the 
catalytic  activity  of  the  SFMO— LSGM  composite  cathodes  were 
described  and  the  oxygen  reduction  kinetics  was  briefly  discussed. 

2.  Experimental 

The  SFMO— LSGM  composite  cathodes  were  fabricated  based 
upon  an  LSGM  tri-layer  structure— a  15  pm  thick  dense  layer 
sandwiched  between  two  150  pm-thick  porous  layers,  which  was 
obtained  by  laminating  three  tape-cast  ceramic  green  tapes  with 
rice  starch  as  the  fugitive  material  for  the  porous  layers.  Powders  of 
LSGM  (5  m2  g-1,  Praxair)  and  rice  starch  were  ball-milled  in  a 
weight  ratio  of  60:40  for  24  h  with  appropriate  amounts  of 
dispersant,  binder,  plasticizer  and  solvent.  After  de-air  in  vacuum 
for  =  10  min,  the  slurry  was  cast  on  a  polyethylene  film  under  the 
doctor  blade.  The  resulting  green  tapes  of  porous  LSGM  layers  were 
=  90  pm.  Green  tapes  of  dense  LSGM  electrolyte  were  similarly 
prepared  with  a  typically  thickness  of  =20  pm  except  that  no  pore 
former  was  used  in  the  tape  casting  formulation.  One  sheet  of 
dense  LSGM  tape  and  two  sheets  of  porous  LSGM  tapes  on  each  side 
were  uniaxially  laminated  at  75  °C  for  10  min  under  a  pressure  of 
3000  psi,  which  were  then  co-sintered  at  1450  °C  for  6  h  in  order  to 
density  the  LSGM  electrolyte  layer. 

The  perovskite  oxides  of  SFMO  were  added  by  infiltrating  an 
aqueous  solution  containing  Sr(N03)2,  Fe(N03)3-9H20, 

(NH4)gMo7024-4H20  and  citric  acid  in  a  molar  ratio  of 
1:0.75:0.0357:2  into  the  porous  LSGM  backbones,  followed  by 
calcinations  at  850, 1000  and  1100  °C  for  2  h.  The  resulting  com¬ 
posites  were  designated  as  SFMO850,  SFM01000  and  SFM01100, 
respectively.  All  these  chemicals  were  99%  pure  and  purchased 
from  Sinopharm  Chemical  Reagent.  The  quantity  of  the  deposited 
SFMO  catalysts  was  estimated  by  the  weight  difference  before  and 
after  each  infiltration/calcinations  cycle,  and  multiple  infiltration/ 
calcinations  cycles  were  used  to  introduce  a  sufficient  amount  of 
SFMO  catalysts  into  the  LSGM  backbones.  The  phase  composition  of 
the  resulting  infiltrate  was  examined  by  X-ray  diffraction  (XRD) 
using  a  monochromatic  Cu  Ka  radiation  source. 


The  catalytic  activity  of  the  SFMO— LSGM  composite  cathodes 
was  evaluated  on  the  symmetric  cathode  fuel  cells  via  impedance 
measurement  over  the  temperature  range  of  600-800  °C.  Silver  ink 
was  applied  on  the  electrode  surface  as  the  current  collector  and 
silver  wires  were  used  as  the  voltage  and  current  leads.  The 
impedance  spectra  were  obtained  at  open  circuits  in  ambient  air  or 
oxygen  balanced  by  nitrogen  using  an  IM6  Electrochemical  Work¬ 
station  (ZAHNER,  Germany)  over  the  frequency  range  from  0.1  FIz 
to  200  kFIz  with  a  20  mV  ac  perturbation.  The  cell  structure  was 
examined  using  scanning  electron  microscopy  (SEM)  in  a  Hitachi  S- 
4800-II  microscope. 


3.  Results  and  discussion 

For  the  composite  cathodes  prepared  by  the  liquid  infiltration 
technique,  the  infiltrates  catalyze  oxygen  reduction  reactions  and 
simultaneously  collect  the  electrical  current.  Formation  of  the 
electrically  conducting  SFMO  perovskite  oxides  is  critically 
important  for  obtaining  high  performance  composite  cathodes.  X- 
ray  diffraction  (XRD)  was  thereby  used  to  examine  the  phase 
compositions  of  the  infiltrates  as  a  function  of  calcination  tem¬ 
perature.  Fig.  1  shows  the  typical  XRD  results  for  a  25  wt%  SFMO 
infiltrated  LSGM  composites  calcinated  at  850  and  1100  °C  that 
confirmed  the  predominant  presence  of  the  perovskite  oxides  in 
the  infiltrates.  Formation  of  the  SFMO  catalysts  was  further 
confirmed  by  an  independent  XRD  analysis  of  SFMO-YSZ  com¬ 
posite  electrodes  that  were  obtained  in  the  same  manner  (Fig.  lb). 
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Fig.  1.  The  X-ray  diffraction  patterns  of  (a)  SFMO— LSGM  and  (b)  SFMO-YSZ 
composites. 
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Note  that  some  minor  impurities  of  SrMoC>4  were  also  observed 
and  probably  resulted  from  the  melted  intermediate  oxide  of 
M0O3  (melting  point:  795  °C)  that  would  produce  phase  inho- 
mogenity  [23].  This  is  consistent  with  prior  reports  that  repeated 
grindings  and  calcinations  are  required  to  obtain  phase-pure 
SFMO  oxides  [24],  Comparison  of  XRD  patterns  shown  in  Fig.  la 
indicates  that  increasing  the  calcination  temperature  from  850  °C 
to  1100  °C  reduced  the  amount  of  SrMo04  impurities  present  in 
the  infiltrates  as  evidenced  by  the  decreased  diffraction  peak  at 
27.4°. 

The  morphology  and  microstructure  of  the  infiltrated  SFMO 
coatings  calcinated  at  different  temperatures  were  examined  by 
SEM,  with  the  representative  micrographs  shown  in  Fig.  2.  Po¬ 
rosities  in  LSGM  backbones  resulted  from  the  use  of  40  wt% 
starch  as  the  fugitive  material  in  the  tape  casting  formulation. 
Mercury  porosimetry  measurements  of  the  porous  LSGM  back¬ 
bones  showed  a  bi-modal  distribution  respectively  centered  at  1 
and  6  pm  with  overall  porosities  of  45%.  Notably,  a  solid  loading 
of  25  wt%  was  sufficient  to  form  well-intraconnected  coatings  at 
all  temperatures  that  is  required  for  the  composite  cathodes  to 
provide  efficient  current  collection  and  enlarge  the  electro- 
chemically  active  areas  via  reducing  the  portion  of  isolated 
catalysts  [10],  Decreasing  the  loading  increased  the  fraction  of 
isolated  catalyst  particles  while  increasing  the  loading 
decreased  the  overall  porosity  of  the  impregnated  composite, 
both  of  which  resulted  in  increased  polarization  resistances  as 
previously  observed  for  alternative  cathodes  prepared  in  the 
same  manner  [10],  Fig.  2  also  shows  that  the  SFMO  particles 
grew  larger  and  the  coatings  tended  to  become  more  dense  with 
increasing  calcination  temperature.  Similar  behavior  has  been 
previously  observed  for  the  composites  of  Lao.8Sro.2Fe03, 
LaNio  6Feo.403  or  La0  g1Sr0.09Ni0.6Fe0.4O3  infiltrated  YSZ  [14,25], 
Based  upon  these  high-magnification  SEM  micrographs,  the 
average  particle  sizes  of  the  SFMO  catalysts  were  estimated  to 
be  70,  200  and  400  nm  for  SFMO850,  SFM01000  and  SFMOllOO, 
respectively. 

Influence  of  the  calcination  temperature  on  the  catalytic  activ¬ 
ities  of  the  SFMO  infiltrated  LSGM  composites  is  illustrated  by 
Nyquist  and  Bode  plots  in  Fig.  3  of  impedance  data,  as  obtained 
from  measurement  of  symmetric  cathode  fuel  cells  in  ambient  air 
at  800  °C.  The  ohmic  resistances  primarily  due  to  the  electrolytes 
were  removed  and  the  non-ohmic  resistances  were  divided  by  two 
so  as  to  account  for  contributions  of  two  symmetric  cathodes.  The 
Nyquist  plot  for  SFMO850  consisted  of  two  depressed  arcs  centered 
at  200  Hz  and  2  Hz,  respectively.  The  peak  frequency  associated 
with  the  higher-frequency  process  decreased  continuously  with 
increasing  the  calcination  temperature,  resulting  in  increased 
overlapping  of  the  higher-  and  lower-frequency  arcs  in  the  Nyquist 
plots  and  thereby  complicating  deconvolution  of  the  impedance 
data  for  SFM01000  and  SFMOllOO.  The  total  cathode  polarization 
resistances  at  800  °C,  taken  as  the  overall  width  of  the  arcs  as 
shown  in  Fig.  3a,  were  0.04,  0.07  and  0.11  Q  cm2  for  SFM0850, 
SFM01000  and  SFMOllOO,  respectively.  Note  that  SFM01000  and 
SFMOllOO  exhibited  polarization  resistances  comparable  to  the 
micron-scale  SFMO  cathodes  prepared  by  the  conventional  screen¬ 
printing  technique  [22],  Much  lower  polarization  resistance  for 
SFMO850  than  for  SFM01000  and  SFMOllOO  can  be  explained  by 
the  smaller  particle  size  as  shown  in  Fig.  2a  and  the  resultant  larger 
surface  area  available  for  oxygen  reduction  reactions  [9],  Fig.  4 
summarizes  the  total  cathode  polarization  resistances  at  varied 
temperatures  for  SFMO850,  SFM01000  and  SFMOllOO,  showing 
smaller  polarization  resistances  at  all  measurement  temperatures 
for  the  SFMO— LSGM  composites  calcinated  at  lower  temperatures. 
In  particular,  the  polarization  resistances  for  SFM0850  ranged  from 
0.04  fi  cm2  at  800  °C  to  0.28  Q  cm2  at  600  °C  in  air.  These  results 


Fig.  2.  The  SEM  micrograph  of  the  SFMO-LSGM  composite  cathodes  calcinated  at  (a) 
850  °C,  (b)  1000  °C  and  (c)  1100  °C. 


also  indicate  that  the  presence  of  insulating  SrMo04  minor  impu¬ 
rities  in  the  infiltrates  did  not  adversely  influence  the  catalytic  ac¬ 
tivity  of  the  SFMO-LSGM  composites,  especially  given  the  fact  that 
SFMO850  contained  larger  amount  of  impurities  than  SFMOllOO. 
The  activation  energies  for  oxygen  reduction  reactions  over 
SFM0850,  SFM01000  and  SFMOllOO  were  0.77, 1.11  and  1.19  eV, 
respectively. 
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with  SFMO  catalysts  calcinated  at  different  temperatures:  (a)  Nyquist  and  (b)  Bode 


Since  SFMO850  exhibited  the  smallest  polarization  resistances 
and  the  highest  catalytic  activities  for  oxygen  reduction  reactions, 
further  analysis  was  conducted  on  the  impedance  data  that  showed 
the  least  extent  of  overlapping  between  the  higher-  and  lower- 
frequency  arcs  in  the  Nyquist  plots.  In  particular,  impedance  mea¬ 
surement  was  performed  at  750  °C  in  the  N2— O2  gas  mixtures  with 
varied  oxygen  partial  pressures  in  order  to  gain  insights  into  oxygen 
reduction  kinetics  over  SFM0850,  and  these  impedance  data  are 
summarized  in  Fig.  5a  for  the  Bode  plots  and  in  Fig.  5b  for  the 
Nyquist  plots.  At  high  oxygen  partial  pressures  (e.g.,  1  or  0.75  atm), 
only  one  depressed  arc  with  the  peak  frequency  at  =  200  Hz  was 
observed  in  the  Nyquist  plot,  indicating  that  the  lower-frequency 


Fig.  5.  (a)  Bode  and  (b)  Nyquist  plots  of  impedance  data  for  the  symmetric  fuel  cells 
under  varied  oxygen  partial  pressures  balanced  by  nitrogen.  The  equivalent  circuits 
IRo(RQ)h(RQ)i  was  used  to  fit  the  impedance  data  at  varied  oxygen  partial  pressures,  (c) 
Oxygen  partial  pressure  dependence  of  the  higher-  and  lower  frequency  arcs  for 
impedance  spectra  in  (b). 
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Fig.  4.  The  cathode  polarization  resistances  plotted  versus  inverse  temperature  for 
SFMO-LSGM  composites  calcinated  at  different  temperatures. 


process  was  quick  enough  and  the  corresponding  R\  resistance 
was  too  small  to  be  distinguishable.  With  the  oxygen  partial  pres¬ 
sure  decreasing  to  0.5  or  0.21  atm,  the  lower-frequency  arc  with  the 
peak  frequency  at  =2  Hz  appeared  in  the  Nyquist  plots  and  was 
nevertheless  much  smaller  than  for  the  higher-frequency  arc. 
Further  decreasing  the  oxygen  pressure  down  to  0.003  atm  resulted 
in  a  dramatical  increase  in  the  lower-frequency  arc  that  became 
dominant  in  the  kinetics  of  oxygen  reduction  on  SFMO850. 

Fig.  5a  and  b  also  shows  that  the  lower-frequency  arc  increased 
much  more  pronouncedly  than  the  higher-frequency  arc.  These 
impedance  data  were  fitted  using  a  commonly  used  equivalent 
circuit,  fk0(RhQii)(k|Qj).  where  L  was  the  conductance  due  to  con¬ 
necting  wires,  R0  was  the  pure  ohmic  resistance  due  to  the  elec¬ 
trolyte  and  the  electrodes,  R h  and  R|  are  the  polarization  resistances 
whereas  Qh  and  Qj  are  the  constant  phase  elements  associated  with 
the  higher-  and  lower-frequecy  process,  respectively.  Fig.  5c  sum¬ 
marizes  the  resulting  R|,  and  R\  values  at  varied  oxygen  pressures. 
Included  in  Fig.  5c  are  the  fitting  results  using  the  equation  Rp  > 


Rate-determining  step 


°jd^°TPB 

°tpb  +  e_  ->0tpb 
Ofc.  +  V^OK 


where  different  n  values  reflect  varied  elementary  steps  in  oxygen 
reduction  reactions  as  summarized  in  Table  1  [26],  The  fitted  n 
values  in  Fig.  5c  are  -0.38  for  Rh  and  -1  for  R|,  in  good  agreement 
with  prior  results  on  the  micron-sale  SFMO  cathodes  [27],  Com¬ 
parison  of  these  n  values  with  those  in  Table  1  indicates  that  the 
higher-  and  lower-frequency  arcs  are  probably  associated  with 
ionization  of  adsorbed  oxygen  atom  and  non-dissociative  adsorp¬ 
tion  of  gaseous  oxygen  on  the  SFMO  catalysts,  respectively. 

Fig.  6a  shows  the  Nyquist  plots  for  symmetric  SFMO850  fuel 
cells  measured  in  air  at  different  temperatures,  and  the  fitting  re¬ 
sults  using  the  equivalent  circuit  LR0(^hQh)(R|Qi)  as  discussed  above 
were  also  included.  Fig.  6b  shows  the  Rh  and  Ri  values  for  SFMO850 
as  a  function  of  temperature.  Due  to  the  thermally-activated  nature 
of  ionization  of  adsorbed  oxygen  atom,  the  Rh  value  followed  an 
Arrhenius  dependence  with  an  activation  energy  of  0.98  eV.  On  the 
other  hand,  the  Ri  value  remained  almost  unaltered  since  non- 
dissociative  adsorption  of  gaseous  oxygen  on  the  SFMO  catalysts 
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alent  circuits  LRo(RQ)h(RQ)i  was  used  to  fit  the  i 


was  largely  temperature-independent.  Much  larger  values  for  Rh 
than  for  Ri  as  shown  in  Fig.  6b  indicate  that  ionization  of  adsorbed 
oxygen  atom  on  the  catalyst  surfaces  predominates  oxygen 
reduction  kinetics  on  the  SFM0850  composites,  as  previously 
observed  for  the  porous  Lao9Sro2Cro.5Mno.5O3_, 5  cathodes  [28],  In 
other  words,  large  surface  area  of  the  nanoporous  structure  and 
large  surface  exchange  coefficient  of  oxygen  over  the  SFMO  cata¬ 
lysts  enabled  fast  oxygen  adsorption  kinetics  and  thereby  mini¬ 
mized  the  Ri  value. 

4.  Conclusions 

In  summary,  we  have  fabricated  the  non-randomly  structured 
SFMO-LSGM  composite  cathodes  by  infiltrating  nano-scale 
SFMO  catalysts  onto  the  internal  surfaces  of  high-porosity 
LSGM  backbones.  Despite  the  presence  of  more  SrMo04  minor 
impurities  in  the  infiltrate  coatings,  the  SFMO-LSGM  composites 
calcinated  at  850  °C  exhibited  substantially  smaller  polarization 
resistances  in  air  than  those  calcinated  at  1000  and  1100  °C. 
Analysis  on  oxygen  partial  pressure  dependence  of  impedance 
data  indicated  that  ionization  of  adsorbed  oxygen  atom  was  the 
rate-determining  step  for  oxygen  reduction  reactions  on  the 
SFMO-LSGM  composites  calcinated  at  850  °C  while  adsorption 
of  gaseous  oxygen  was  sufficiently  fast  on  the  surface  of  SFMO 
catalysts  due  to  large  surface  area  in  the  nanoporous  coatings 
and  high  surface  exchange  coefficients  of  oxygen  on  the  SFMO 
oxides. 
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